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Responses to Successive Auditory Stimuli at the Cochlea 
and at the Auditory Cortex’ 


Mark R. Rosenzweig? and Walter A. Rosenblith® 
Psycho-Acoustic Laboratory, Harvard University 


HE sounds we hear are usually mem- 
bers of a series and are not isolated 
events. This sequential occurrence of 
stimuli is also characteristic of other 
sensory modalities, and a number of 
studies have been devoted to the per- 
ceptual effects of stimuli delivered in 
close succession. In audition, perceptual 
studies employing successive stimuli have 
dealt with such phenomena as short-time 
masking (34), auditory localization (40), 
the relative loudness of successive clicks 
(10), the precedence effect, and the per- 
ceptual fusion of successive sounds (44). 
As yet the neural mechanisms of these 
perceptual phenomena are not well 
understood, although several recent 
papers have provided information about 
the responses of the auditory cortex to 
successive acoustic clicks (7, 11, 28, 42). 
We have undertaken the experiments 
reported in this monograph in order to 
explore further the neural processes in- 
volved in the perception of successive 
sounds. To do this, we have recorded 
electrophysiological responses in anesthe- 
tized cats at the two extreme stations of 
the ascending auditory nervous system— 
the round window of the cochlea and 
* This research was carried out under Contract 
Nsori-76 between Harvard University and the 
Office of Naval Research, U. S. Navy (Project 
NR 142-201, Report PNR-117). Reproduction for 
any purpose of the U. S. Government is per- 
mitted. 
* Now at the Department of Psychology, Uni- 
versity of California, Berkeley. 


*Now at Massachusetts Institute of Tech- 
nology, Cambridge, Massachusetts. 


the auditory cortex. In the following 
sections we will describe and compare 
the events that occur at these two levels 
when successive click stimuli are pre- 
sented. Following an initial click, the 
responsiveness of the auditory system to 
a second click is depressed. At the coch- 
lear level, the recovery of responsiveness 
is monotonic; it can be described quite 
precisely in terms of a mathematical, 
albeit a statistical, model (32). At the 
cortex, description of the recovery of 
responsiveness seems to require at least 
two factors, one monotonic and the other 
cyclical, and there are further complica- 
tions that prevent us from arriving at a 
simple formal description of the cortical 
events. 


METHOD 
Experimental Procedures 


Electrophysiological responses were 
recorded in anesthetized cats at the 
round window of the cochlea or in its 
vicinity and at auditory areas I and Il 
of the cortex. The amplified responses 
were photographed from a cathode-ray 
oscilloscope. 


Stimulus equipment. (a) Click generator: pro- 
duces electrical square pulses (Fig. 1) which have 
0.1-msec. duration and 0.62-volt amplitude. Two 
clicks can be separated by any interval from o to 
450 msec. The generator was built by Paul 
Dippolito of the Psycho-Acoustic Laboratory. 
(b) Earphones: two PDR-10 (Permoflux), one 
for each ear, matched by physical and psycho- 
logical tests for pure-tone and transient respon- 
ses, and for polarity. (¢) Coupling from earphone 
to ear: flexible plastic tube, 0.4 cm. inner di- 
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Clicks as Stimuli 


Acoustic Click 
(into Ice Cavity) 


Single Click Electrical Pulse 


(aheod of Phone) 


Time Line 
(10,000 cps) 


Acoustic Click 


Pow of Clicks 
(Delta Interval 


obout Electrical Pulse 


Time Line 


11/29/1950 


Fic. 1. Electrical pulses and acoustic clicks. 

An electrical pulse of 0.1-msec. duration is 
transduced into an acoustic click by an earphone. 
The click is conveyed by a plastic tube into the 
cat’s ear. The output of the earphone-tube sys- 
tem, working into a cavity whose acoustic prop- 
erties are presumably equivalent to those of a 
cat's ear, is pictured above. Note that for a delta 
interval of 1 msec. there is no appreciable inter- 
action between the two acoustic clicks. 


ameter, 6 cm. long, conducting sound from 
special housing on earphone into incision in 
external meatus near eardrum. Cotton yarn (3 
em. long) was placed in tube to reduce resonant 
peaks in the frequency response. (d) Calibra- 
tion: acoustic signal delivered to 1-cc. cavity 
which represents an impedance reasonably 
equivalent to that of the ear of the cat. Signal 
recorded by Western Electric 640 AA condenser 
microphone. The frequency response of our 
stimulus system was flat within +5 db from xo to 
4,500 cps. It is difficult to specify the click 
stimulus more precisely than by giving the 
dimensions of the electrical square pulse and the 
frequency response of the transducing system. 
Figure 1 shows that the acoustic click consisted 
primarily of a large brief pulse, followed by a 
train of small damped sine waves. In order to 
control the intensity of the click, the electrical 
square pulse could be attenuated in steps of 1 db. 
The output of the pulse generator (0.62 volt 
across the earphone) is o-db attenuation, our 
click reference level. The intensity of clicks 
weaker than the standard will be given in terms 
of their attenuation: a stimulus of — 60 db is one 
that is 60 db weaker than our standard. The 
threshold of human observers for clicks de- 
livered through this acoustic system lies around 
70 db below the click reference level. 

Recording equipment. (a) Electrodes: platinum 
or silver wire. The indifferent electrode was 


attached to the head holder which gripped the 
animal’s mouth. (b) Amplifiers: until the sum- 
mer of 1950 we used a broad-band grid-to- 
ground amplifier of about 74-db gain built by 
Rufus Grason of the Psycho-Acoustic Labora- 
tory. Thereafter we used two matched broad- 
band, low noise level differential amplifiers of 
about 72-db gain, built by Grason. Actually 
most of the round-window responses were re- 
corded with a pass band of 100 to 5,000 cps, and 
most of the cortical responses with a pass band 
of 10 to 1,000 cps. (c) Cathode-ray oscilloscope: 
until the summer of 1950, a Dumont 247 CRO; 
thereafter, a four-channel CRO built by Grason 
and Dippolito. (d) General Radio oscilloscope 
camera, model 651-AE; speed control modified 
for stable operation over wide range of speeds 
by Ralph Gerbrands and Paul Dippolito. 

Physiological preparation: Cats, usually adult. 
Anesthetic, usually Dial in Urethane, occasionally 
Nembutal. 


The experiments extended from the 
summer of 1948 through the spring of 
1951. 


Acoustic Clicks as Stimuli 


Neural potentials in response to click stimuli 
were first described by Davis and his group in 
the course of their investigation of the Wever 
and Bray effect. Further studies of the responses 
to clicks have been made at the cochlea (33, 34), 
at the brain stem (1, 30, 41), at the thalamus 
(18), and at the cortex (7, 11, 22, 23, 28, 35, 37, 38, 
42). There are several reasons for using a click 
stimulus when one wants to investigate the 
electrical behavior of the auditory nervous sys- 
tem as seen through a gross electrode; that is 
an electrode that has certain averaging and 
integrating properties. A click resembles those 
brief pulselike disturbances that are the natural 
signals of the nervous system. Besides being 
natural sensory stimuli, clicks have almost all 
the advantages that go with direct electrical 
stimulation; a click is a sharp transient that 
evokes a recognizable response at all locations of 
the auditory system. Other acoustic stimuli, such 
as pure tones or thermal noise, do not yield re- 
sponses that can be as directly and easily identi- 
fied in the higher centers. In part this ready 
identification of click responses is due to their 
clear-cut temporal characteristics; the latency 
and duration of the responses increase in regular 
fashion as we ascend the auditory system. More- 
over, responses to clicks are remarkably similar 
in such animals as cats, monkeys, guinea pigs, 
hamsters, bats, and pigeons. Finally, we can con- 
trol the number and intensity of the clicks de- 
livered and the time intervals separating them. 
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The advantages of click stimuli outweigh the 
difficulties of measuring their physical charac- 
teristics. There is little doubt that in the future 
we will have to control our stimuli more care- 
fully; we may want to filter our clicks or even try 
the short tone pips other workers have used. 
But at present we feel that we can still learn a 
good deal from responses to common-purpose 
clicks, that is, responses to brief pulses that are 
equivalent to reasonably wide-band acoustic 
disturbances and that evoke almost simultaneous 
responses from an appreciable number of neural 
units. 


The Combination of Round Window 
and Auditory Cortex 


The work reported here includes data from 
the two extreme stations of the ascending audi- 
tory nervous system—the round window and the 
auditory cortex. These two stations have certain 
obvious advantages in terms of technique: elec- 
trodes can easily be located at them without 
interfering too much with the normal existence 
of the anesthetized cat. The choice of these two 
locations does not imply, however, that events 
important for the understanding of cortical 
responses do not occur at the intermediate brain- 
stem or thalamic levels. Work at the two extreme 
stations emphasizes the contrast in the charac- 
teristic behavior of peripheral and central sta- 
tions of the nervous system. It should not, how- 
ever, be forgotten that this contrast is seriously 
contaminated, as is shown in this paper, by the 
much greater sensitivity of cortical responses to 
such parameters as level of anesthesia and tem- 
perature—parameters whose quantification at the 
present time remains rudimentary. 

The strategic importance of our two locations 
is enhanced by the following considerations. Just 
as the microphonic components of the round- 
window response presi:mably afford a reasonably 
reliable monitoring device for the mechanical 
events in the inner ear, so the responses from 
the cortex seem to be as close as we can now 
come on the afferent side to observing electrical 
events antecedent to the behavior of the whole 
animal. 

Last, but not least, the choice of locations is 
the outcome of the concern illustrated in the 
current literature with the neural components 
of the round-window response and with the 
responses of the auditory cortex. We have 
learned how to manipulate reversibly the so- 
called first neural component of the round-win- 
dow response by means of temperature, masking, 
or fatigue (25, 29, 34), and how to abolish these 
components by means of drugs (24). We have 
seen also the first steps in the development of a 
mathematical model relating the probability of 
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response to the intensity of the stimulus (2). 
At the auditory cortex, there have been attempts 
to present a mathematical description of repeti- 
tive responses (12) and to quantify the represen- 
trations of the two ears (38). 


RESULTS 


The Round-Window Response to Single 
Clicks 


In studying the click responses re- 
‘orded with electrodes near the round 
window, we soon encounter some difficul- 
ties in the analysis of the electrical 
events. Ever since Davis and his group 
studied responses to clicks, investigators 
in this area have tried to differentiate 
between the so-called microphonic com- 
ponents and the action potentials or 
neurals. One of the first recognized ad- 
vantages of the click stimulus was that 
under certain circumstances it gave rise 
to a response that could be analyzed into 
those two components. In Fig. 2 the 
electrical potentials recorded in response 
to weak clicks are preponderantly neural 
in origin. As the click gets more intense 
the neural potentials increase in size, but 
at intensities above —6o0 db another com- 
ponent, very different in character and 
behavior, makes its appearance. This is a 
so-called cochlear (or aural) micro- 
phonic; as the stimulus becomes more 
intense the microphonic increases rapidly 
in size and finally seems to swamp the 
neural components. Various methods 
have been used to detect the “neural 
signals” in the “microphonic noise.”’* 


“Recently we have shown (35) that there 
exist electrode locations outside the bony shell of 
the cat's bulla at which we can record the 
neural response even to strong clicks without 
much interference from the microphonic. Others 
who are more concerned with microphonic po- 
tentials have taken a different view and have 
tried to get rid of the “neural distortion.” How- 
ever, this is not the place to review these 
methods or to discuss the existence of a possible 
third component—the so-called summating po- 
tential—recently described by Davis et al. (15). 
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Fic. 2. The growth of the various components 
of the click response as seen by a wire electrode 
located at or near the round window. 

For relatively weak clicks only the neural com- 
ponents (N, and N,) can be detected in the back- 
ground “noise.” As the intensity of the click in- 
creases, microphonic activity becomes detectable 
ahead of the neural components: M is the earliest 
microphonic activity. A further increase in stimu- 
lus intensity brings out microphonic components 
that overlap in time with N, and N,. For our 
strongest clicks (0 db and +6 db) distortion, 
shown by a flattening of the peak of M, is de- 
tectable. Note: (a) the latency of M is independ- 
ent of stimulus intensity; (b) the latency of the 
peaks of the neurals decreases with intensity. 
(The artifact A indicates the time of delivery of 
the electrical pulse to the earphone.) 


It is clearly beyond the scope of the 
present paper to discuss the origins and 
relations of the microphonic and neural 
potentials. The most commonly accepted 
hypothesis attributes the microphonic 
potentials to the organ of Corti (more 


specifically to the hair cells), whereas N, 
is supposed to be the summated response 
of the bipolar cells in the spiral ganglion 
and N, is imputed to neural structures in 
the cochlear nucleus. However, none of 
these statements has been established 
with sufficient certainty. 

We will have to be satisfied with 
giving a rather gross description of how 
microphonics and neurals vary with 
stimulus intensity, that is, how the am- 
plitudes and latencies behave as the 
intensity of our click is varied through 
a range of about 80 db. 

If we refer to Fig. 2 we can identify 
a stimulus artifact (A), which occurs at 
the time at which the electrical pulse is 
delivered to the earphone. It takes the 
acoustic click about 0.3 msec. to travel 
from the earphone diaphragm to the 
cat’s eardrum. Almost immediately there- 
after, i.e., less than o.1 msec. after the 
arrival of our acoustic click at the ear- 
drum, an upward or downward deflec- 
tion (M) is detectable for clicks that are 
20 or more decibels above the animal’s 
threshold. 

The behavior of the microphonic. On 
most of our records M is a most promi- 
nent deflection in the complex of micro- 
phonic potentials. We have seen in Fig. 1 
that the acoustic pulse lasts approxi- 
mately 1 msec. If we make our click 
intense enough, however, we find that 
there are microphonic potentials present 
as late as 4 or 5 msec. after the delivery 
of the stimulus. At present we are in- 
clined to attribute this prolonged micro- 
phonic activity to three factors: (a) the 
behavior of the cat’s middle ear, which 
is vibrating at its characteristic fre- 
quency, (b) the fact that it takes a pres- 
sure wave a certain length of time to 
travel from the stapes to the helicotrema, 
and (c) the fact that, once a particular 
location of the cochlear partition has 
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been displaced, it does not instantane- 
ously return to its equilibrium position 
(4). For weaker clicks the late micro- 
phonic components are not in evidence 
since they are not sufficiently large in 
amplitude to stand out above the noise; 
it might, however, be possible to observe 
them even for weaker stimuli, were the 
electrode placed closer to the point of 
origin of these particular microphonics. 

A few more considerations concerning 
M: The latency of M is independent of 
stimulus intensity. M reverses its polarity 
when a “rarefaction click” (sudden with- 
drawal of the earphone diaphragm as 
seen from the eardrum) is delivered in- 
stead of a “condensation click.” There 
is evidence that this reversal in polarity 
of the microphonic potential holds, not 
only for M, but alse for the later micro- 
phonic deflections. Such evidence can be 
obtained in a clear-cut manner only 
when we have either abolished the 
neurals or temporarily separated them 
from the microphonics (as in cooling, 
29). As Fig. 2 shows, the amplitude of M 
grows with stimulus intensity up to a 
point where we encounter nonlinearity 
and overloading of either biomechanical 
or bio-electrical origin. The round- 
window response to the most intense 
clicks in Fig. 2 shows this phenomenon 
as a flattening or clipping of the peak 
of M. 

Neural components. The neural com- 
ponents of the round-window response 
represent, in a sense, the way in which 
the click signal has been “coded” at the 
periphery of the auditory nervous system. 
We have already said that for weak clicks 
it is the neural components that are the 
most readily observed. As a matter of 
fact, when we talk about the “threshold” 
of an animal's response to clicks, we 
mean the stimulus intensity at which we 
can visually detect (on the oscilloscope 
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face) neural responses on about half the 
trials. As can be seen from Fig. 2, neural 
components (N, and N, in their tem- 
poral order of appearance) stand out in 
the click response. Both these compo- 
nents are chiefly negative deflections, 
whether the stimulus is a “condensation 
click” or a “rarefaction click”; there are, 
however, changes in the wave form, the 
amplitude, and even the latency’ of the 
neurals as we change the electrical po- 
larity of our click. 

As the intensity of the stimulus in- 
creases, the neurals grow and _ their 
latency decreases. A further increase in 
stimulus intensity leads to the previously 
mentioned contamination of the neurals 
by microphonics. Hence, it becomes diffi- 
cult to give precise data on the behavior 
of the neurals for intense stimuli. There 
are statements in the literature to the 
effect that the neurals cease to grow in 
amplitude and stop decreasing in latency 
at about go db above threshold. We have, 
however, both direct and indirect evi- 
dence to the effect that the amplitude of 
the neurals keeps on growing and that 
the latency of both the onset and the 
peak of N, and N, decreases throughout 
the intensity range we have used.* 


The Round-Window Response to the 
Second of a Pair of Clicks 


Now let us see what happens when we 


*We are dealing here with latency of a popu- 
lation of neural units. While most workers in 
physiology customarily define latency as the time 
interval between the stimulus and the first re- 
liably observable deflection, we prefer for two 
reasons to refer to the latency of the peak of the 
neurals: (a) It is much easier to measure this 
latency since one is not as likely to be fooled by 
fluctuations in the base line. (6b) The latency 
to the peak represents, more or less, a central 
tendency (mode) in the latency spectrum of the 
contributing neural units, and seems, therefore, 
the most representative measure. 

*W. A. Rosenblith and M. R. Rosenzweig. Un- 
published data. 
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Fic. 3. Round-window responses to pairs of 
clicks. 

In the left column are presented the responses 
to the second of a pair of clicks (the response to 
the first click is not shown; however, the tail end 
of the first response can be noted in the second 
trace from the top, where the delta interval is 
1.95 msec.). As can be seen, M is not affected by 
the response to the preceding click whereas N, 
and N, are reduced in size. This reduction in size 
is the more noticeable, the shorter the delta in- 
terval. The effect is thus entirely confined to the 
neural components. This fact is emphasized by 
the traces in the right-hand column. These traces 
come from a cat in whose round-window re- 
sponse no neural components were detectable. 
Even for as short a delta interval as 1.15 msec. the 
responses to both members of a pair of clicks are 
identical. Presumably, these responses represent 
exclusively microphonic activity. 


present two clicks, spaced apart by vari- 
ous time intervals, to the same ear of an 
anesthetized cat. (It will be convenient 
to refer to the first stimulus as S1 and the 
second stimulus as Sg. The corresponding 
responses will be designated Ri and Re. 
The time interval between Si: and Se will 
be called the delta interval.) The left 
column of Fig. g illustrates the phenome- 
non. The upper trace shows Ro, the 


resting or control response. It has a large 
microphonic deflection followed by two 
neural deflections. Re for various delta 
intervals is shown in the traces below. 
We see clearly that some of the later 
deflections in Re have been modified 
systematically; the shorter the delta in- 
terval, the less Re resembles Ro. In an 
analogous experiment, the delta interval 
was held fixed and the intensity of Si 
was altered (32). In that case, the more 
intense was S1, the less Re resembled the 
control response. Analysis of the traces 
shows that the components affected by the 
preceding click are neural (N, and N,); 
the microphonics remain unimpaired. 
Even the later microphonics are not 
affected, as the right-hand column of Fig. 
3 demonstrates. (Cat 117 had been op- 
erated on by Dr. G. Rasmussen to elimi- 
nate the neural connections to the ear.) 
Here the response to a single click con- 
tained only microphonics. When two 
equally intense clicks were presented, Re 
was indistinguishable from Ri. All the 
evidence collected by us (and we have 
examined the round-window response to 
pairs of clicks in about 20 cats) points 
the same way. The modification in Re 
amounts to a reduction in size of N, and 
N.; M and the later microphonic compo- 
nents in Re remain unaffected through- 
out the range of intensity we have used 
for Si (about 80 db). We can, of course, 
easily imagine that a very intense S1 
might produce enough damage in the 
inner ear to give rise to an effect on M 
in Re; however, we are not concerned 
here with such traumatic effects. 

Let us now quantify further the effects 
of a preceding click upon the neural 
components in Re. We will measure the 
peak-to-peak amplitude of N,, which we 
assume to be roughly proportional to the 
summated activity of a population of 
peripheral neural structures.” Figure 2 
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shows that the peak-to-peak amplitude of 
N, can be measured with better than 
5 per cent accuracy for clicks that are 
about 20 to 30 db above the animal's 
“threshold.” Though N, behaves qualita- 
tively the same as N, (27), its measure- 
ment is not quite so easy at our round- 
window location. 

Our recovery curves present the rela- 
tive amplitude of N, or, in other words, 
the ratio of the peak-to-peak amplitude 
of N, in Re divided by its amplitude in 
Ro. Figures 4, 5, and 10 show some of 
our data. We have chosen these partic- 
ular animals to illustrate our findings 
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Delta Interval in msec 


Fic. 4. Recovery of the amplitude of N, as a 
function of the delta interval (with the intensity 
of the first click as the parameter). 

The relative amplitude of N, is defined as the 
ratio of the amplitude of N, in Re divided by its 
resting amplitude (N, in Ro). The data pre- 
sented here for a second click of constant inten- 
sity show that the amount of reduction in the 
relative amplitude depends upon both the inten- 
sity of the preceding click and the delta inter- 
val. Note that there is no supernormality in the 
recovery curve at the round window. 


because we have a sufficient number of 
observations on them under a variety of 
stimulus conditions, hence, reasonably 
small variability and rather clear-cut 
results. We have previously (39, Fig. 3) 


* Experimentation dealing with the excitability 
cycle or with “refractoriness” has largely been 
concerned with the behavior of single neural ele- 
ments. Let us stress here again that our gross 
electrodes recorded some sort of space and time 
averages of the action ae of populations 
of neural elements. 
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Fic. 5. Reduction of N, in Re as a function of 
the intensity of Si (with the delta interval as the 
parameter). For all delta intervals the relative 
amplitude of N, decreases with increasing in- 
tensity of the first click. 


published recovery curves for equal in- 
tensities of S1 and Sz. Such a choice of 
stimulus intensities narrows the range of 
observed phenomena unnecessarily and 
makes it much harder to get a picture of 
an over-all mechanism. 

Figures 4 and 10 show recovery curves 
for two different animals. Both figures 
contain curves for which S1 was both less 
intense and more intense than Sg. In the 
data for both these animals recovery is 
faster when Si is the weaker of the two 
stimuli. Figure 4 shows that for a given 
intensity of Sz the recovery curves order 
themselves according to the intensity of 
Si. Figure 5 emphasizes this point more 
strongly by showing, for a given delta 
interval, the increasing effect upon N, 
(in Rg) as the intensity of S2 is increased. 
The agreement in the general behavior 
of these recovery curves has already been 
stressed elsewhere (32). Suffice it to say 
that, if we make the necessary adjust- 
ments for different animals of the sensi- 
tivity constant (the statistical parameters 
representing the central tendency and 
the variance of the neural units), we can 
expect to obtain very close to the same 
recovery function for equivalent stimulus 
conditions. In other words, we may look 
forward toward a mathematical specifica- 
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tion of generalized recovery curves at the 
round window. 

The delta interval covered by most of 
our recovery curves extends from about 
6 msec. to about 200 msec. Data for 
shorter time intervals are hard to obtain 
because of the duration of Ri: one gets 
temporal overlap between Ri and Ra, a 
condition that makes it difficult, if not 
impossible, to measure the amplitude of 
N, with accuracy. We have, however, 
isolated observations under rather special 
stimulus conditions for delta intervals 
down to 1 msec. and even less. For all 
these time intervals there is still a depres- 
sion in the amplitude of N, in Re. Also 
there is sometimes an increase in the 
latency of N, in Re. We are at present 
reserving these short delta intervals until 
we are ready to consider the latency 
problem; at that time we should also be 
prepared to consider whether the ampli- 
tude of the spikes contributed by the in- 
dividual units has fully recovered. Note 
in this connection that the recovery curve 
on Fig. 4 for Si = o db and Sg = —45 
db (the lowest curve) intersects the time 
axis at a value appreciably greater than 
1 msec., a figure generally given as the 
refractory period for the auditory nerve 
(14). 

At the other end of our recovery 
curves the question of the length of the 
interval for complete recovery is not 
easily answered. If we plot the recovery 
curve on a linear time scale, we are 
effectively asking: when does the recovery 
curve reach the asymptote, RA = 100 per 
cent? If we use a device that might have 
pleased Verworn (43), namely, plotting 
recovery versus log t, we find what looks 
like a straight line when Si: is a strong 
stimulus and Sz a reasonably weak one. 
Under those circumstances S2 presum- 
ably samples from the same population 
that previously made up Ri. Our confi- 


dence in both intercepts of the recovery 
curve with the o per cent and the 100 per 
cent line is still rather limited since (a) a 
small amount of variability in our ex- 
perimental data may have rather im- 
portant effects, (b) such physiological 
factors as temperature might be ex- 
tremely critical at both ends of the curve, 
and (c) we are not necessarily dealing 
with a single straight line (i.e., a single 
recovery process), but possibly with two 
of slightly different slopes. 

In summary, our recovery curves at the 
round window show several important 
features: (a) they are monotonic; (b) 
they never get to be supernormal, i.e., 
N, in Rg is never greater than N, of the 
resting response; (c) recovery is rapid for 
short time intervals (it may, however, 
take as long as 100 msec. and more to get 
back to 100 per cent relative amplitude); 
and (d) the particular shape of a re- 
covery curve depends upon the intensi- 
ties of Si and Se and the sensitivity 
constants of the animal. If S2 is a moder- 
ately weak stimulus and S1 is intense, the 
recovery curve will be very close to a 
straight line when plotted against log 
time. 


The Cortical Response to Single Clicks 


At the auditory area of the cortex we 
find responses considerably longer in 
duration and more varied in form than 
their progenitors at the round window. 
The cortical responses differ markedly in 
amplitude and form as we change the 
following factors: (a) the location of the 
electrode on the surface of the cortex, 
(b) the intensity of the stimulus, and 
(c) the physiological condition of the 
animal. Figure 6 shows some of the 
varieties of cortical responses. Each 
column of the figure presents responses 
obtained at a different location; at each 
of the three locations a series of eight 
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stimulus intensities was employed. Each 
trace starts at the left with the delivery 
of the click. (In columns 1 and g a 
stimulus artifact was recorded at A.) 
The earliest components of the re- 
sponses are several wavelets; these small 
deflections appear at “A” in the top 
block of column 2. They reflect activity 
occurring at subcortical centers of the 
auditory system (23, 35) and are recorded 
at the cortex under specifiable conditions 
because of the electrical spread of the 
potentials. The subcortical responses are 
often very small when recorded at the 
cortex, and they do not appear clearly 
in columns 1 and g. The traces of 
columns 2 and g show surface-negative 
deflections (upward in our convention) 
like the one at “B.” These early negative 
deflections tend to be especially promi- 
nent when the active electrode is located 
near the suprasylvian sulcus, and the 
indifferent electrode is located at the 
mouth. As Fig. 6 illustrates, these nega- 
tive deflections often become relatively 
more prominent as the stimulus intensity 
is reduced, apparently because the over- 
riding positive deflection declines more 
rapidly with intensity. Figure 6, column 
1, also illustrates the responses of a loca- 
tion at which no negative deflection was 
found at any stimulus intensity. The 
most characteristic feature of many 
cortical responses is a large surface-posi- 
tive deflection: “C” is an example. The 
positive deflection may attain an ampli- 
tude of several hundred microvolts; the 
latency from stimulation to the peak of 
this deflection is usually 10 to 15 msec. 
Columns 2 and g show that with the 
weaker stimuli some locations show no 
positive deflection at all. Finally, the 
primary cortical response may conclude 
with another negative deflection like the 
one at “D.” This deflection, when it 
occurs, often becomes detectable at about 
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Amplitude of Cortical Responses vs Stimulus intensity 


Cat 72 3/22/1951 
3/9/1950 

Fic. 6. Electrophysiological responses of the 
auditory cortex. 

The three columns were recorded at three dif- 
ferent electrode locations. The rows show re- 
sponses to click stimuli of different intensities. 
The gain was constant in columns 1 and g. In the 
middle column, the top two squares were re- 
corded at the lowest gain; the next three squares 
had double this gain, and the bottom three 
squares had four times the gain of the top 
squares, Note the general increase in response 
amplitude with stimulus intensity. Differences 
among the wave forms of the responses are dis- 
cussed in the text. 


the same threshold as the positive deflec- 
tion; in column 2 the positive and the 
later negative deflections both appear at 
about —50 db; in column 3, both appear 
at about — go db. 

Not only is the primary response of 
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Lotency of the First 
Repetitive Response 0 
Function of Stimulus intensity 
(in 6b) 


Cet i28 3/20/195! 


Fic. 7. Secondary responses of the auditory cor- 
tex. 

The primary response at the extreme left of 
each trace is followed by the secondary responses. 
The left-hand column illustrates the increase in 
amplitude of the secondary responses with stimu- 
lus intensity; the right-hand column illustrates 
the decrease in latency of the secondary response 
with intensity. 


the auditory cortex far longer in dura- 
tion than the round-window response, 
but the stimulation may also evoke a 
train of secondary responses. Examples 
of secondary cortical responses are shown 
in Fig. 7. As compared to the primary 
responses the secondary responses are 
smaller in amplitude, longer in duration, 
and less regular in waveform. In some 
experiments the secondary responses re- 
semble repetitions of the primary re- 
sponses; in other experiments the second- 
ary responses are relatively smooth sinu- 
soidal undulations; in many cases there is 
little or no repetitive activity. The rate of 
repetition of the secondary responses is 
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often similar to the rate of spontaneous 
activity observed in the same prepara- 
tion. When we change the stimulus in- 
tensity the secondary responses exhibit 
alterations in amplitude and latency 
similar to those of the primary responses. 
Chang (11) has reported that the change 
in amplitude of the secondary responses 
is less prominent than the change in 
amplitude of the primary response; he 
has also reported that latency does not 
change over a wide range of intensities. 
We have found that the amplitude of 
the secondary responses often increases 
greatly as intensity is increased. Figure 7 
illustrates this. The relative prominence 
of the change may depend upon the 
particular range of intensities studied. 
The amplitude of the secondary re- 
sponses may continue to grow -with in- 
creasing intensity even after the growth 
of the primary response has leveled off. 
We have also found that the latency of 
the secondary responses decreases as the 
stimulus intensity is increased. In the 
right-hand column of Fig. 7 the latency 
of the earliest secondary response de- 
creases from 100 msec. at —60 db to go 
msec, at —10 db. 

We have dealt with both the primary 
and secondary responses, but most of our 
measurements have been made on the 
surface-positive deflection of the primary 
response. It is important to note at the 
outset several obstacles to a rational 
quantification of this cortical response: 

1. The observed primary response is 
the resultant of at least three potentials 
that overlap in time: an early surface- 
negative potential, a  surface-positive 
potential, and a later surface-negative 
potential (these potentials are chiefly 
responsible, respectively, for deflections 
B, C, and D of Fig. 6). There is consider- 
able evidence that the three potentials 
arise in different populations of cells. 
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Hawkins (23) reported that when he 
penetrated the cortex with an electrode 
the early negative potential remained 
unchanged but the later potentials re- 
versed their signs. Bremer (8) concluded 
on the basis of a number of experiments 
that the surface-positive potential reflects 
the activity of cortical interneurons and 
that the later surface-negative potential 
reflects the activity of efferent pyramidal 
cells. Similarly, Bishop and Clare (5) 
have been able to assign the components 
of the response of the visual cortex to 
different cell populations. 

The occurrence of these potentials 
overlapping in time means that the 
amplitude of the positive deflection does 
not reflect the positive potential alone. 
Our difficulties are illustrated in Fig. 8. 
Figure 8A is a highly schematic repre- 
sentation of three potentials; Fig. 8B 
shows the resultant deflection that is 
formed by algebraic addition of the three 
potentials. Exactly the same over-all de- 
flection could have resulted from the 
addition of completely different sets of 
potentials. Figure 8C shows another set 
of potentials that adds up to the same 
resultant deflection. Furthermore, a 
change in the positive deflection may be 
caused chiefly by a change in a negative 
potential, as is illustrated in Figs. 8D 
and E. Here a decrease in the second 
negative potential, such as may occur 
under deep anesthesia, results in an in- 
crease in the positive deflection. 

In quantifying the responses, the am- 
plitude (peak voltage) has proved a more 
useful measure than the area (voltage 
times duration). The diagrams of Fig. 8 
suggest why the amplitude of the positive 
deflection may represent the surface-posi- 
tive potential more successfully than does 
the area. We have measured both ampli- 
tude and area under certain experi- 
mental conditions and have found the 
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Fic. 8. Schematic representation of component 
potentials (A, C, D) and of composite cortical re- 
sponses (B and E). Observed responses are the 
result of algebraic addition of several component 
potentials that overlap in time. The three po- 
tentials in A add up to give response B; the po- 
tentials in C also add up to response B; those in 
D, to response E. The waveforms of the com- 
ponent potentials cannot be inferred from the 
composite response for there is an infinite num- 
ber of combinations of potentials that could 
result in the same composite response. These ex- 
amples were chosen to illustrate the difficulties 
encountered when an analysis or breakdown of 
cortical responses into component potentials is 
attempted. 


amplitude measurements to give more 
consistent results. 

2. Under fixed experimental condi- 
tions successive responses may vary con- 
siderably. This variability is generally 
greatest when the level of anesthesia is 
light. To overcome some of the effects of 
this variability we have always recorded 
several successive responses for each ex- 
perimental condition, and we will pre- 
sent the data in terms of the central 
tendency of the responses. In some cases, 
however, the distribution of response 
amplitudes is bimodal; hence it cannot 
be represented well by a central tend- 
ency. 

3. Cortical responses vary in several 
respects as the recording electrode is 
shifted by as little as a millimeter across 
the surface of the auditory cortex. For 
example, the growth of response ampli- 
tude with stimulus intensity varies 
widely from location to location; a gen- 
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eral growth function cannot be given. 
Therefore, attempts to interrelate vari- 
ous functions (e.g., growth of Ri versus 
depression of Re, Fig. 13) can generally 
be done only with data obtained from the 
same cortical location. 


The Cortical Response to the Second of 

a Pair of Clicks 

In discussing the response of the audi- 
tory cortex to pairs of clicks we shall 
again designate the stimuli as Si and Se, 
and the time interval between Si and Se 
as the delta interval; the primary cortical 
response to Si will be called Ri, and the 
primary response to Sz, Re. Figure g 


MONOTIC INTERACTION 
LEVEL OF ANESTHESIA: 


caT 19 


Fic. 9. Cortical responses to pairs of acoustic 
clicks. 

The response to the first stimulus is the sharp 
downward deflection at the left of each trace. The 
response to the second stimulus is displaced to 
the right in accordance with the time interval 
between the two clicks. The amplitude of the 
first response (Ri) remains relatively constant, 
but the amplitude of the second response (R2) 
varies systematically with the delta interval. 
Secondary responses appear in the middle col- 
umn. (Reproduced from Fig. 14 of reference 37.) 
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OELTA INTERVAL (INTERVAL BETWEEN PAIRED CLICKS) IN MSEC 
——- ROUND WINDOW -~-KAUDITORY CORTEX 


Fic. 10. Recovery curves at the round window 
and at the auditory cortex (data recorded simul- 
taneously). 

Note that recovery of the amplitude of N, is 
monotonic whereas the recovery curve for the 
cortical response seems to be made up of two 
components, one monotonic and the other cycli- 
cal. The monotonic component is indicated by the 
dotted line. The cyclical component can be ob- 
tained by subtracting the monotonic component 
from the cortical recovery function. In general, 
the recovery at the round window depends more 
strongly upon the intensity of the first click than 
does the recovery at the cortex, 


shows responses to pairs of equally 
intense stimuli delivered to the same ear. 
The responses are abrupt downward 
(surface-positive) deflections; Ri occurs 
at the left of the trace, and Re is dis- 
placed to the right in accordance with 
the delta interval. Successively larger 
delta intervals are shown in the suc- 
cessive rows. 

Reading down any of the columns of 
Fig. 9, you see that the amplitude of R1 
remains relatively constant, but the am- 
plitude of Re varies systematically as the 
delta interval increases. Re grows over 
the first several intervals and then de- 
clines again. In column 1, Re is depressed 
at an interval of go msec., enhanced at 
60 and 75 msec., and depressed again at 
110 and 150 msec. In the other columns 
the intervals at which depressed and 
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AMPLITUDE OF SECOND RESPONSE 
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Fic. 11. Recovery of the relative amplitude of the second cortical response versus the delta interval 
(R2/Ro versus delta interval); the intensity of the first stimulus (S1) is the parameter. As Si increases 
in intensity, the cyclical variations tend to become more pronounced and the recovery less pro- 


nounced at a given delta interval. 


enhanced responses occur are different 
because of anesthetic effects, which will 
be discussed later. But every column 
demonstrates that the recovery of respon- 
siveness at the auditory cortex is clearly 
not monotonic. 

‘The course of recovery at the cortex is 
shown more clearly in the functions of 
Fig. 10. The cortical functions (dashed 
lines) show a marked alternation of 
peaks and troughs. This cyclical char- 
acteristic is also pronounced in Figs. 11 
and 12. In an earlier study, Tunturi (42) 


presented a curve that suggested that 
recovery is monotonic in the geniculo- 
cortical radiations, but too few delta 
intervals were given to allow cyclical 
variations to appear. Jarcho (28), in ex- 
periments on recovery at somesthetic and 
auditory areas of the cortex, found “no 
curves suggesting the existence of supra- 
normal or subnormal periods.” With 
relatively light anesthesia his recovery 
functions showed “bizarre notching, and 
occasionally rather regular undulations.” 
Chang (11) presented a recovery curve 
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Fic. 12. Effects of anesthetic level on the cortical recovery function. 
Three levels are shown for each of two animals. Data for cat 83 were recorded by means of an 
electrode permanently implanted at the auditory cortex; the electrode was held in place by a threaded 


lucite button screwed into a tapped hole in the skull. 
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with small variations “suggestive of a 
periodic change in excitability of the 
cortex” following an auditory stimulus; 
when he replaced S1 by an electric shock 
to the cortex, the recovery curve showed 
large cyclical variations (12). Cyclical 
variations have also been reported in the 
recovery curves of the visual cortex (3, 
6, 31) and of the somesthetic cortex (26). 
As we shall see, there are always cyclical 
alternations in the amplitude of Re at 
the auditory cortex, but the prominence 
of the cycles depends upon the intensity 
of Si and upon such physiological con- 
ditions as temperature and depth of 
anesthesia. 

In the experiment of Fig. 10 simul- 
taneous recordings were made at the 
round window and at the auditory 
cortex. The round-window functions 
(solid lines) show the monotonic and 
relatively rapid recovery that we have 
already described in an earlier section. 
It is apparent from Fig. 10 that the 
cortical recovery function differs strik- 
ingly from the round-window function. 
At the shorter delta intervals the cortical 
function may be influenced by a reduc- 
tion of afferent input from the cochlea, 
but thereafter the cortical function re- 
flects processes of only the higher centers 
of the auditory nervous system. The next 
sections of this report will be devoted to 
an analysis of the complex cortical re- 
covery function. It will help to list first 
the main conclusions of this analysis. 

1. The cortical recovery function can 
usefully be described as consisting of two 
components, one monotonic and_ the 
other cyclical. The monotonic compo- 
nent is indicated by the dotted logarith- 
mic curves in Figs. 10 and 11. In each 
case, if this monotonic component is sub- 
tracted from the cortical recovery func- 
tion, the cyclical component is obtained. 

2. Although the two components are 
always present, they can in general be 
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affected differentially by (a) varying the 
intensity of the first stimulus, (b) varying 
the level of anesthesia, and (c) varying 
the temperature of the animal. 

3. The monotonic component of the 
recovery function is related to Ri. This 
response represents the discharge of a 
population of cortical units; these units 
must recover their responsiveness before 
they can discharge again. Units other 
than those fired also become depressed 
in responsiveness following S1. The total 
initial depression of responsiveness is 
roughly proportional to the amplitude 
of Ri. The recovery of responsiveness 
may follow the logarithm of the delta 
interval. 

4- The cyclical component of the 
recovery function is an expression of the 
fluctuations in cortical responsiveness 
that follow Ri. The secondary responses 
to Si are also related to these fluctuations 
in responsiveness. The cyclical compo- 
nent of the recovery functions and the 
secondary responses exhibit behavior 
that is parallel in several respects. 


The Monotonic and Cyclical Compo- 
nents of the Cortical Recovery Func- 
tion 


The simplest way to demonstrate the 
presence of two components in the 
recovery function is to vary the intensity 
of Si systematically. The results of such 
experiments are shown in Fig. 11. In the 
experiment presented in the left-hand 
graph, Si varied from o db to —6o db, 
while S2 was held at —20 db. When Si 
was weak (60-db attenuation) the re- 
covery function was nearly monotonic, 
though small cyclical variations could be 
seen. When Si was made stronger, the 
cyclical component became more promi- 
nent. The amplitude of the cyclical com- 
ponent, measured in terms of complete 
recovery, was about 15 per cent when S1 
was —6o db. It grew to about go per cent 
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when Si was increased to o db. The peak 
of the cyclical component came slightly 
earlier as the intensity of Si was in- 
creased. 

The general trend of the recovery 
function was also affected by the in- 
tensity of Si. The greater the intensity, 
the less recovery we find at each delta 
interval. The general trend of the re- 
covery function can be approximated by 
a monotonic curve, such as the dotted 
curves in Fig. 10. Similar dotted curves 
have been plotted in the left-hand graph 
of Fig. 11 to show the general trend of 
recovery for Si at —60 db and —20 db. 

The results presented in the right- 
hand graph of Fig. 11 are similar to those 
in the left-hand graph, though in this case 
the cyclical component is so prominent 
that it may obscure other aspects of the 
recovery curves. We conclude that vary- 
ing the intensity of Si has differential 
effects on the cyclical and monotonic 
components of the cortical recovery func- 
tion. As we increase the intensity of S1 
we observe the following effects: the 
cyclical component stands out more 
clearly, and the monotonic recovery is 
slowed down; the period of the cyclical 
component shortens slightly, and the 
interval required for complete recovery 
of the monotonic component lengthens 
markedly. 

It should be remarked that the con- 
siderable duration of the cortical re- 
covery function makes it inadvisable to 
crowd successive trials together. We 
spaced trials at least one second apart, 
and, when the duration of the recovery 
function warranted it, we used intertrial 
intervals of two seconds or more. 


The Level of Anesthesia and the Two 
Components 


Varying the level of anesthesia also 
differentiates between the two compo- 
nents of the recovery function (see Fig. 


g). One effect of this procedure is to 
change the amplitude of the cyclical 
component. The amplitude is usually 
greatest under conditions of moderately 
light surgical anesthesia. When anesthe- 
sia is very light there is a great deal of 
irregular spontaneous activity, and it is 
difficult to demonstrate a regular cyclical 
component. When the level of anesthesia 
is made very deep, the amplitude of the 
cyclical component is reduced from the 
maximum. We have never seen it abol- 
ished, even under very deep anesthesia. 

The temporal characteristics of both 
components of the recovery function are 
also affected differentially by varying the 
depth of anesthesia. Data from two ex- 
periments are presented in Fig. 12. In 
each experiment we recorded responses 
from an animal at three levels of anes- 
thesia. It is clear that the length of the 
period of the cyclical component became 
greater as the depth of anesthesia was 
increased. In the left-hand graph of Fig. 
12 the peaks of the successive functions 
came at intervals of about 80, 100, and 
120 msec. In the right-hand graph, the 
first peaks came at about 100, 130, and 
180 msec. At the somesthetic cortex a 
similar dependence of the period of the 
cyclical variations upon the level of 
anesthesia has been reported (26). 

The monotonic component of the re- 
covery function—in so far as it can be 
estimated from these data—seems also to 
be affected by varying the level of anes- 
thesia. As the depth of anesthesia is 
increased, the peaks of the recovery func- 
tion generally fall lower as well as later. 
Estimates from several experiments indi- 
cate that by deepening the level of anes- 
thesia we can lengthen the interval re- 
quired for complete recovery from as 
little as 100 to 200 msec. to as much as 
several seconds. Varying the level of 
anesthesia seems to have more effect 
upon the interval required for complete 
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recovery of the monotonic component 
than it has upon the period of the cyclical 
component. The data are not yet suffi- 
cient to establish the form of the rela- 
tion between the temporal characteristics 
of the two components. 

The effects of anesthesia are reversible. 
When the level was allowed to become 
lighter, the “time constants” character- 
izing the recovery function decreased. 
Evidently the recovery function is a 
fairly sensitive index of the level of 
anesthesia. 

Gastaut et al. (20) have recently re- 
ported the effects of several anesthetics 
on the “cortical excitability cycle.” The 
effects of the barbiturates were similar 
to those reported here. The effects of the 
other drugs can probably also be de- 
scribed in terms of our monotonic and 
cyclical components. 


Temperature and the Twe Components 


A third procedure that affects the two 
components of the recovery function 
differentially is to vary the temperature 
of the experimental animal. Barbiturate 
anesthesia makes it difficult for the 
animal to maintain his temperature. 
Consequently the body temperature may 
be allowed to drop, or it may be kept 
at a particular level by application of 
heat. The effects of reducing the tem- 
perature are in general the same as those 
of deepening the anesthesia: the ampli- 
tude of the cyclical component may be 
affected, and the “time constants” of both 
components are lengthened. Obviously 
the temperature of the animal must be 
carefully controlled in all experiments on 
the recovery function of the cortex. 


The Monotonic Component of the Corti- 
cal Recovery Function 


Thus far we have shown that the 
cortical recovery function can be de- 


scribed in terms of a monotonic and a 
cyclical component, and we have men- 
tioned three experimental procedures 
that have differential effects upon the 
two components. Now we may note some 
of the more important characteristics of 
each component. Let us start with the 
monotonic component. 

The monotonic component of the 
recovery function is related directly to 
Ri. This response—or, more accurately, 
the component cortical potential—repre- 
sents the discharge of members of a 
population of cortical units. These units 
must recover their responsiveness before 
they can discharge again. To this extent, 
the cortical situation is analogous to the 
one we found at the round window, and 
our original hypotheses about the mono- 
tonic component were similar to the hy- 
potheses that account for the round-win- 
dow data. However, we have not been 
able to describe the cortical data com- 
pletely by such a formulation since the 
cortical data have features not found at 
the round window. These features pe- 
culiar to the cortex are revealed best 
when the data are plotted to show the 
relation between Ri and the recovery of 
Re. 

Figure 13 shows the relations between 
Ri and Re, found in two experiments. 
The figure presents the data of: Fig. 11 
replotted with each delta interval rep- 
resented by a separate curve. Intervals 
through the first peak of the recovery 
function are shown in the left-hand 
graph of each pair, through the second 
peak in the right-hand graphs. In both 
experiments the curves start with a rela- 
tively straight descending portion, indi- 
cating a depression of responsiveness 
proportional to R1. The linear descent is 
then interrupted, probably owing to the 
cyclical component. The form of the 
curve after the early descent varies from 
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Fic. 13. Relative amplitude of the second cor- 
tical response versus amplitude of the first re- 
sponse (R2/Ro versus R1); the delta interval is 
the parameter. The same data are plotted on 
other coordinates in Fig. 11. 


experiment to experiment. Two features 
of the early descent are of special signifi- 
cance and are characteristic of the corti- 
cal data; they mark important differences 
from the round-window data shown in 
Fig. 5: 

1. The slope of the linear descent is 
slightly steeper than unity. That is to say, 
more cortical units are depressed in re- 
sponsiveness at the time of Re than were 
discharged to give R1.* This is an impor- 
tant difference from the round-window 
data, for there we used the depressed 
responsiveness to Sz as a measure of the 

*In block A of Fig. 13, the slope of Re versus 
Ri is about — 1.2. When the amplitude of Ri is 
o, the amplitude of Re is 110; or Ri with an 


amplitude of only go can abolish Re completely. 
In block C, the slope is about — 1.4. 


excitation accomplished by $1; we as- 
sumed that the peripheral units became 
less responsive only as the result of 
having been discharged. At the cortex, 
however, we must conclude that some 
units became less responsive because of 
a stimulus without having contributed to 
the direct response to that stimulus. 
Amassian has reported such an effect at 
both the thalamus and the cortex (2). 
There are several ways in which this 
additional depression of responsiveness 
might come about: (a) The units might 
have discharged, but only tardily and 
asynchronously so that they did not enter 
into the Ri we recorded. (b) The units 
might have become less responsive be- 
cause of changes of potential of neigh- 
boring units following the stimulus (Q). 
(c) The units might have become less 
responsive when the discharge of other 
units decreased the facilitatory back- 
ground activity (12). (d) The afferent 
tracts leading to the units might have 
become less responsive. Our data suggest 
that the first explanation cannot be the 
whole cause of the additional depression 
of responsiveness, but they do not allow 
us to differentiate among the other pos- 
sibilities. 

The steep slope is true for even the 
shortest delta intervals in the graphs, and 
data from other experiments demon- 
strate slopes steeper than unity when the 
delta interval is of the order of 1 msec. 
The processes underlying the depression 
of responsiveness must be rapid. They 
are more rapid than the “postexcitatory 
depression” which Chang (12) found in 
the motor cortex and also in the auditory 
cortex. 

2. As the delta interval is increased, 
the slope of the lines decreases only 
slowly and the lines are displaced to the 
right. This is in marked contrast to the 
round-window data where the lines fan 
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First Click 
Stimulus intensity 
(in db) 


None 


Second Click 
Stimulus intensity 
(in db) 


Delta Interval 42msec 
Cati28 3/23/1951 


Fic. i4. Amplitude of the second cortical re- 
sponse versus amplitude of the first response, for 
a given delta interval. 

The two responses in each square were re- 
corded simultaneously from two cortical loca- 
tiens. At both locations the positive (downward) 
deflection in Re is affected only when there is a 
positive deflection in Ri. In the lower trace this 
occurred with a relatively weak (—6o db) click; 
in the upper trace it required a relatively strong 
(—20 db) click. 


out widely from a more or less common 
origin as shown in Fig. 5. The displace- 
ment to the right in the cortical data 
means that at the given delta interval 
there may be complete recovery fol- 
lowing a small Ri, but incomplete re- 
covery following a larger Ri. In other 
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words, recovery may proceed more rap- 
idly following a small Ri than a large 
R1. 

It may be asked why we have plotted 
the recovery function in the form Re 
versus Ri at the cortex (Fig. 13), when 
we plotted it as R2 versus Si at the 
round window (Fig. 5). At the cortex Re 
versus S1 does not give consistent results, 
probably because the function relating 
amplitude of response to stimulus inten- 
sity varies so widely from location to 
location. Figure 14 demonstrates how 
awkward it would be to plot Re versus 
Si at the cortex. The two traces in each 
block were recorded simultaneously from 
two cortical locations in the same prep- 
aration. We varied the intensity of Si 
systematically while holding Sz and the 
delta interval constant. In the case of the 
upper trace, no sizable positive deflection 
occurs in Ri until —10 db, and the am- 
plitude of Re is not importantly affected 
before this point. In the lower trace, on 
the contrary, a positive deflection is al- 
ready present in Ri at —6o db, and the 
Re for this location is already affected at 
—6o db. Plotting Re/Ro versus Si for 
different cortical locations would obvi- 
ously give widely discordant functions; 
plotting Re/Ro versus Ri in a number 
of experiments has given relatively linear 
functions (over the first part of the plot), 
though the slope varies somewhat from 
location to location. 

At the round window the function 
relating the response amplitude of N, to 
stimulus intensity is monotonic and may 
be described by the normal probability 
integral (32); thus the recovery function 
can be plotted as Re/Ro versus Si with 
consistent results. On the other hand, it 
is difficult to plot Re versus Ri with 
round-window data because the range of 
stimulus intensity over which Ri can be 
measured without microphonic interfer- 
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ence is relatively small. Moreover, when 
S1 is weak and Se is of medium intensity, 
Reg is appreciably affected only at the 
shortest delta intervals. In spite of these 
difficulties we have attempted to plot N, 
of Re versus N, of Ri. The resulting 
functions, in so far as we can determine 
them, seem to be consistent with Fig. 5 
and with the mathematical formulation 
of round-window data to which we re- 
ferred earlier. 

Let us note briefly that the recovery 
functions need not be the same for all 
deflections of the cortical response. In 
the upper traces of Fig.14 it is apparent 
that the initial negative deflection of Re 
declines steadily as the initial negative 
deflection of Ri grows; the later negative 
deflection (D) of Re meanwhile declines 
slightly and changes its form; the positive 
deflection of Re does not decline until 
the positive deflection of Ri grows. Here 
as in other experimental situations the 
initial negative deflection seems to be- 
have rather independently of the later 
deflections. 


The Cyclical Component of the Cortical 
Recovery Function 


In this section we will complete our 
description of the cyclical component, 
and we will mention some ways in which 
the secondary cortical responses may ex- 
hibit parallel characteristics. We have al- 
ready shown three characteristics of the 
cyclical component: (a) Its amplitude 
increases as the intensity of Si is in- 
creased. (b) The length of its period 
decreases slightly as the intensity of S1 is 
increased. (c) The length of its period in- 
creases as the anesthesia is deepened or 
as the body temperature is lowered. 

To this list we can add the three fol- 
lowing characteristics: (d) The cyclical 
variation swings to both sides of the 
monotonic component. That is to say, 


the cyclical component is an alternation 
between enhanced and depressed respon- 
siveness. The cortical recovery function 
may even become supernormal, as in Fig. 
11; such supernormality is never seen in 
the responses of the round window. Pre- 
vious reports have compared the cyclical 
alternations with the level of 100 per 
cent recovery rather than with the mono- 
tonic component, and this has led to 
apparently important discrepancies be- 
tween results. Jarcho (28) found that “all 
deviations of the curve from the theoret- 
ical horizontal were downward, i.e., rep- 
resented excitability depressed from the 
level predicted.” On the other hand 
Chang (12) pictured the alternations as 
centering around the 100 per cent level. 
Actually more of his measurements were 
above 100 per cent than below it; pre- 
sumably this occurred because his curve 
resembled the half-wave rectification of 
a sine wave, though Chang represented 
it schematically as a sine wave. Gastaut 
et al. (20) approached the concept of the 
monotonic component when they de- 
scribed their recovery functions in terms 
of the “average value” after the initial 
ascent. They found that although a few 
curves oscillated around the 100 per cent 
level after the initial ascent, the average 
value of many curves lay below the 100 
per cent level, and the average value of 
a few curves lay above it. To account for 
these differences in their average values, 
they hypothesized long-lasting postexcita- 
tory states of subnormality or super- 
normality. We can describe the results of 
Jarcho, Chang, and Gastaut et al., except 
for the few cases with supernormal base 
lines, in terms of cyclical variation 
around a monotonic component. It is 
possible that the long-lasting super- 


normality hypothesized by Gastaut et al. 
may reflect only the nonsinusoidal shape 
of some curves in which more measure- 
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ments lie above the axis than below it. 
(e) The form of the cyclical component 
varies widely. It may be smooth and 
almost sinusoidal, or it may be sharp and 
almost saw-toothed, Generally, the en- 
hanced phase is relatively smooth, and it 
usually lasts more than half the cycle. 
The cyclical component may look less 
like a sine wave than like the full-wave 
rectification of a sine wave (see Fig. 12). 
(f) The cyclical component behaves 
roughly like a negative sine wave that 
starts (¢ = o) at a delta interval of o. 
The cyclical component starts with the 
development of the initial negative 
trough (depressed responsiveness). ‘The 
first peak (enhanced responsiveness) usu- 
ally occurs after about three-quarters of a 
period. The length of a period has, of 
course, to be estimated by measuring 
from one peak to the next or from one 
trough to the next. When the cyclical 
component is nearly saw-toothed in form, 
each peak is followed very quickly by a 
trough. In this case the first peak of the 
recovery function may occur almost a 
complete period after R1. 

The cortical after-activity may show 
characteristics similar to those of the 
cyclical component. We wish to empha- 
size, however, that the cyclical compo- 
nent may be well defined even at a loca- 
tion, and under experimental conditions 
where there is little or no regular after- 
activity. The recovery function is a more 
direct and more stable measure of corti- 
cal responsiveness than is the after-activ- 
ity. The after-activity (including the re- 
petitive responses when they are present) 
parallels the cyclical component in the 
following respects: (a) It exhibits char- 
acteristics a, b, and c listed above for the 
cyclical component (see Fig. 7). (b) The 
developing surface-positive phases of the 
secondary responses coincide with the 
peaks of the cyclical component; the de- 
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clining phases (return to the base line) 
coincide with the troughs of the cyclical 
component (12). (c) The wave forms of 
the after-activity and of the cyclical com- 
ponent tend to show some similarities. 
When the after-activity consists of rather 
smooth waves, the cyclical component 
tends to be rather sinusoidal. When 
there are large repetitive responses, the 
cyclical component tends to be rather 
saw-toothed. 


Responses to Pairs of Dichotic Stimuli 


The cortical phenomena we have de- 
scribed can also be demonstrated when 
Si is delivered to one ear and S2 to the 
other (dichotic stimulation). The prom- 
inent binaural interaction observed at 
the cortex is illustrated in Fig. 15. At the 
round window, in marked contrast, we 
have not been able to find convincing 
evidence of binaural interaction, though 
there are sometimes misleading indica- 
tions of interaction arising from leakage 
of acoustic stimuli or from spread of 
electrical potentials (35). 

The relative amplitudes of the two 
cortical responses vary according to 
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Fic. 15. Cortical responses to pairs of dichotic 
stimuli. 

Even when the first and second stimuli are de- 
livered to different ears, the second response 
(R2) is affected by the first response (R1). The 
order in which the ears were stimulated is shown 
by the sequences left-right or right-left above the 
columns. (From Fig. 10 of reference 37.) 
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which ear receives the first stimulus and 
which cerebral hemisphere the electrode 
is on. A stimulus to one ear alone tends 
to produce a larger response at the con- 
tralateral hemisphere (38). When the 
electrode is on the left hemisphere, stim- 
ulating the ears in the order left-right 
(column 1 of the figure) produces a 
smaller Ri and a larger Re than stim- 
ulating them in the order right-left (col- 
umn 2). At the right hemisphere the 
opposite effect is observed: here stimula- 
tion in the order left-right (column 3) 
produces a larger Ri and a smaller Re 
than in the order right-left (column 4). 

When the delta interval for dichotic 
stimuli is sufficiently brief, a single re- 
sponse occurs, and this response is often 
larger than the response to either one of 
the stimuli. The response tends to be 
larger at the hemisphere contralateral to 
the ear that receives the first stimulus. 
Thus, if we stimulate the ears in the 
order left-right, the response at the right 
hemisphere tends to be larger than the 
response at the left hemisphere. Signifi- 
cant differences can be observed even 
when the delta interval is well under 1 
msec. (37). We have shown elsewhere 
(38) that the data obtained with dichotic 
stimulation can be interpreted in the 
following way: The two ears are repre- 
sented at each cerebral hemisphere by 
two partially overlapping populations of 
cortical units; at each hemisphere the 
population that represents the contra- 
lateral ear is larger than the population 
that represents the ipsilateral ear. 


DIscussION 


One of the major difficulties in inter- 
preting the responses of a population of 
neural units stems from the fact that the 
population may not be homogeneous. In 
the recovery functions of the round win- 
dow, for example, there is evidence that 
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the rates of recovery may not be homo- 
geneous; there may be more than one 
process or population involved. At the 
auditory cortex it is clear that the rates 
of recovery are not homogeneous; at a 
delta interval at which recovery is 
already complete after a weak S1, there 
may still be depression after a strong S1. 
We may speculate that there are subpop- 
ulations such that those with higher 
thresholds have somewhat slower rates of 
recovery, or that larger populations as 
such have slower rates of recovery, We 
can suggest two procedures that may be 
useful in providing more homogeneous 
recovery curves and in determining proc- 
esses of the auditory nervous system in 
greater detail. 


1. The use of tone pips (15) or filtered clicks 
may permit the separate activation of subpopu- 
lations of units that have limited ranges of 
frequency sensitivity, and that may also be more 
homogeneous in other respects. The click stimu- 
lus is equivalent to a rather wide-band acoustic 
disturbance, and it tends to activate units sensi- 
tive to different frequencies. A tone pip or 
filtered click that excites a restricted subpopu- 
lation may be followed by a more homogeneous 
recovery curve. 

- 2. Simultaneous recording with microelectrodes 
and gross electrodes may shed light on the re- 
lations between the activity of single units and 
the over-all response. This could help with the 
problem of inferring component cortical po- 
tentials from the composite response as well as 
with the inhomogeneity of functions of the 
over-all response. It should be pointed out that 
the study of the behavior of single units alone 
will probably not solve our problems concerning 
the over-all responses of the cortex. For one thing, 
the single units provide only a sample of the 
total population: exacting sampling techniques 
must be used if the recordings are to provide 
an adequate and representative sample of the 
total population. Second, the recorded over-all 
response is not the simple algebraic sum of the 
independent responses of single units. To obtain 
the over-all response, interaction of the units 
must be taken into account, and the unit re- 
sponses must be weighted according to their dis- 
tances from the gross electrode and according 
to other factors that determine the relative 


contribution of their potentials to the over-all 
response. 
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Terminology 


Writing about the recovery functions 
at the round window and auditory cortex 
has posed problems of terminology. 
What is needed is a set of essentially 
descriptive terms that meet the following 
requirements: (a) the terms should be 
applicable primarily to populations of 
units since the recorded responses come 
from populations, but they should not be 
inapplicable to single units; (b) they 
should be capable of describing events 
occurring at any level of the nervous 
systems from peripheral to central loca- 
tions; and (c) they should not specify or 
even imply processes underlying the ob- 
served events. We decided upon the 
terms “responsiveness,” “depressed re- 
sponsiveness,” and “enhanced responsive- 
ness” as being most nearly neutral and 
operational at the same time. 


‘Many terms in current use cannot be employed 
to describe observations without suggesting that 
certain levels of the nervous system or certain 
physiological processes are involved. The follow- 
ing list gives some of these terms and the re- 
stricted connotations that are frequently attached 
to them: (a) Refractory period—a period during 
which the threshold of a neuron is raised follow- 
ing the conduction of a nerve impulse. The use 
of the term implies that the processes involved 
all occur within the individual neuron and that 
no interaction between neurons is involved. 
Refractory period has not often been used in 
connection with higher centers of the nervous 
system; it has been used (as by Elsberg and 
Spotnitz, 16) as a concept derived from the be- 
havior of the whole organism. (b) Subnormality 
—raised threshold of a neuron referable to the 
existence of a positive after-potential following 
the conduction of a nerve impulse (19). (¢) In- 
direct inhibition—failure of response to afferent 
impulses because of subnormality (17). (d) Direct 
inhibition—failure of response to afferent im- 
pulses because of the effects of simultaneously 
converging impulses (17). (e) Excitability and (f) 
irritability suggest threshold phenomena in indi- 
vidual neurons, 


In treating cortical data it is obviously 
necessary to discriminate between de- 
scriptive and explanatory terms. We can 
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describe much more than we can explain. 
For example, we observed an “additional 
depression of responsiveness” at the cor- 
tex; we noted four possible explanations 
for this phenomenon, but the present 
data do not permit us to commit our- 
selves to any one of the four. At the pe- 
riphery it is equally important to dis- 
criminate between description and ex- 
planation. 

When a general descriptive term such 
as “modified responsiveness” is used, care 
must be taken to specify whether it refers 
to a single unit or to a population, and 
what change in the response is meant. 
In the nerve, for example, the response 
may change in threshold, latency, am- 
plitude, and conduction velocity, and 
each change may have a different course 
from the others (21, 36). At the round 
window and at the cortex we have quan- 
tified the changes that occurred in the 
amplitude of the responses. We could 
have quantified other aspects of the re- 
sponse, but the present results should not 
be applied a priori to any other aspects. 
We may note at the same time that our 
cortical observations were restricted to 
auditory areas I and II of the cortex. 
While some of our conclusions may be 
applicable to other sensory areas of the 
cortex, we have no evidence at present 
that they are. 


Absolutely Unresponsive Period 


A descriptive term that we have 
avoided is “absolutely unresponsive pe- 
riod.” Absolute unresponsiveness can be 
defined only with extremely intense 
stimuli, which we did not employ.® More- 
over, Rosenblueth et al. (36) question 


* The use of extremely intense stimuli in the 
intact animal would pose the problem whether 
such stimuli might not tend to produce irreversi- 
ble changes in the peripheral part of the audi- 
tory system. 
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whether there is any evidence for the 
existence of an absolutely refractory pe- 
riod in nerves; they find only a “func- 
tionally refractory period” during which 
a nerve can respond but the response is 
not propagated. It has been reported that 
the auditory cortex of anesthetized ani- 
mals shows an absolutely unresponsive 
period that may last for 8 msec. (11) or 
for as long as 80 msec. (28) or 100 msec. 
(42). However, unless the experiments 
cited employed extremely intense stimuli, 
the reports of absolute unresponsiveness 
should be questioned. In similar experi- 
ments we found that the cortex often re- 
sponded to more intense stimuli during 
at least part of this so-called absolutely 
unresponsive period. 

It is often asked how far apart in time 
two clicks must be spaced in order to be 
perceived as separate. An answer to this 
question depends on such factors as the 
intensities of the two clicks and the par- 
ticular perceptual criteria used. The 
round-window recovery functions suggest 
a lower limit to the delta interval at 
which the second click can evoke a siz- 
able response. The cortical recovery func- 
tions suggest that relatively long inter- 
vals are necessary for the second response 
to appear—longer in fact than perceptual 
experiments require (44)—but it must be 
remembered that the depression at the 
cortex is considerably prolonged by the 
use of anesthesia. The long duration of 
these cortical recovery functions also in- 
dicates why frequency-true responses to 


pure-tone stimuli cannot be expected at. 


the auditory cortex of an anesthetized 
animal. 


Temporal Characteristics 


When the observed recovery function 
can best be described as the resultant of 
two or more components, it may be more 
convenient as well as more correct to as- 


sign temporal characteristics to the com- 
ponents instead of to the composite func- 
tion. For example, it is difficult to 
describe the temporal characteristics of 
the recovery function observed at the 
auditory cortex, but the course of the 
function can be described as the result- 
ant of the rate of recovery of the mono- 
tonic component (roughly proportional 
to the logarithm of the delta interval) 
and the period of the cyclical component 
(which follows roughly a negative sine 
function of the delta interval). The at- 
tempt in two recent papers to assign 
temporal characteristics to the composite 
cortical recovery function led to this 
rather arbitrary procedure: The end of 
the cortical “relatively refractory period” 
was taken as that point at which the re- 
covery function crossed the 100 per cent 
level on its way to a peak of enhanced 
responsiveness. Besides helping to pre- 
clude such procedures, the attempt to 
describe accurately the temporal char- 
acteristics of the components of the re- 
covery curve may help us to define more 
clearly the processes underlying the com- 
ponents. 
SUMMARY 


Electrical responses to a single acoustic 
click and pairs of clicks were recorded at 
the round window of the cochlea and at 
areas I and II of the auditory cortex in 
anesthetized cats. The behavior of these 
responses is described as a function of the 
intensities of the stimuli, the time inter- 
val between paired stimuli (delta inter- 
val), and the physiological state of the 
animal. At both locations the response 
to a second of a pair of clicks differs, for 
considerable delta intervals, from the 
resting response. 


Round Window 


Recovery curves for the so-called first 
neural component [R2/Ro = f (t)] show 


24 MARK R. ROSENZWEIG AND WALTER A. ROSENBLITH 


that (a) recovery is monotonic and there 
is no evidence for supernormality; (b) 
the recovery curves are negatively accel- 
erated with the shape of a particular re- 
covery curve depending upon the inten- 
sities of both clicks (it is, however, 
possible to predict the relative position 
of a family of parametric recovery 
curves); and (c) reference is made to a 
mathematical formulation, given else- 
where, that tries to account for the ob- 
served data on the basis of a probability 
model. 


Auditory Cortex 


The recovery functions of the auditory 
cortex all show a general monotonic ris- 
ing trend around which cyclical varia- 
tions occur. The monotonic and _ cyc- 
lical components of the recovery func- 
tion can be affected differentially by vary- 
ing: (a) the intensity of S1, the condi- 
tioning stimulus, (b) the level of anes- 
thesia, and (c) the body temperature of 
the experimental animal. 

The shape of the monotonic compo- 
nent is difficult to determine with pre- 
cision in the presence of the cyclical com- 
ponent; it may follow the logarithm of 
the delta interval. The monotonic com- 
ponent reflects the recovery of respon- 
siveness of the cortical units that were 
rendered unresponsive following S1, in- 
cluding units that became less responsive 
even though they did not contribute 
directly to R1. The depression of respon- 
siveness following Si is roughly propor- 


tional to the amplitude of R41, at least 
for the smaller values of Ri. The max- 
imum depression of responsiveness de- 
velops within a few milliseconds after 
Ri; the rate of recovery varies with the 
intensity of Si and with the physiological 
state of the preparation. 

The cyclical component behaves 
roughly like a negative sine function that 
starts at a delta interval of o. The corti- 
cal after-activity exhibits behavior par- 
allel to that of the cyclical component in 
several respects, but the cyclical compo- 
nent may be prominent in a case where 
little or no after-activity can be seen. 

The recovery function of the auditory 
cortex differs importantly from that of 
the round window in several respects. 
The cortical function, but not the round- 
window function, shows (a) the presence 
of a cyclical component; (b) the pres- 
ence, in many cases, of one or even sev- 
eral supernormal periods; (c) longer 
duration of the depression; (d) greater 
sensitivity to changes of anesthetic level 
and temperature; (e) spread of depres- 
sion to units that did not contribute, at 
least directly, to Ri; (f) marked inho- 
mogeneity of rates of recovery depending 
upon the intensity of $1; and (g) depres- 
sion following dichotic as well as monotic 
stimulation. 

Difficulties of interpreting and ana- 
lyzing the composite responses recorded 
with gross electrodes were noted in re- 
gard to the overlapping component corti- 
cal potentials and to the inhomogeneity 
of recovery functions. 
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